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Pharmacokinetics of Buprenorphine and
Sustained-release Buprenorphine in Common
Marmosets (Callithrix jacchus)

Casey B Fitz,"" Anna E Goodroe,?> David E Moody,® Wenfang B Fang,® and Saverio V Capuano III!

Buprenorphine is an essential component of analgesic protocols in common marmosets (Callithrix jacchus). The use of
buprenorphine HCI (BUP) and sustained-release buprenorphine (BSR) formulations has become commonplace in this species,
but the pharmacokinetics have not been evaluated. Healthy adult (age, 2.4 to 6.8 y; 6 female and 6 male) common marmosets
were enrolled in this study to determine the pharmacokinetic parameters, plasma concentration-time curves, and any apparent
adverse effects of these compounds. Equal numbers of each sex were randomly assigned to receive BUP (0.02 mg/kg IM) or
BSR (0.2 mg/kg SC), resulting in peak plasma concentrations (mean +1 SD) of 15.2 + 8.1 and 2.8 + 1.2 ng/mL, terminal phase
t,,of 2.2+ 1.0 and 32.6 £ 9.6 h, and AUC_,  of 16.1 + 3.7 and 98.6 * 42.7 ngxh/mL. The plasma concentrations of buprenor-
phine exceeded the proposed minimal therapeutic threshold (0.1 ng/mL) at 5 and 15 min after BUP and BSR administration,
showing that both compounds are rapid-acting, and remained above that threshold through the final time points of 8 and 72
h. Extrapolation of the terminal elimination phase of the mean concentration—time curves was used to develop the clinical
dosing frequencies of 6 to 8 h for BUP and 3.0 to 3.5 d for BSR. Some adverse effects were observed after the administration of
BUP to common marmosets in this study, thus mandating judicious use in clinical practice. BSR provided a safe, long-acting

option for analgesia and therefore can be used to refine analgesic protocols in this species.

Abbreviations: BUP, buprenorphine HCl; BSR, sustained-release buprenorphine
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Renewed interest in common marmosets (Callithrix jac-
chus) as models for biomedical research is being driven by the
fields of gene-editing technology, neuroscience, and infectious
disease.”1923283234 Regearch study aims as well as clinical in-
terventions necessitate appropriate pain management protocols
for these animals. Current recommendations for analgesia in
common marmosets are extrapolated from other species or are
based on anecdotal evidence. Dosage, duration of action, and
potential adverse effects of analgesics used in this species require
evaluation to refine guidelines for their use in clinical practice.

Buprenorphine is the most commonly used opioid analgesic
in many NHP species, including common marmosets.®>?433 It
is a partial p-opioid receptor agonist used for the treatment of
moderate to severe pain, when included as part of a multimodal
pain management approach. Buprenorphine’s widespread use
in laboratory animal medicine is attributed to a relatively long
duration of action and favorable safety profile when compared
with other available opioid agents. A considerable amount of
data on the efficacy and recommended dosage of buprenorphine
is available for various laboratory species, including mice, rats,
rabbits, cats, dogs, and pigs.>101417,203541

Formulations of sustained-release buprenorphine (BSR) have
been developed and have become commercially available,
providing a longer acting option than the standard buprenor-
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phine HCI (BUP) formulation. Longer-acting compounds are
preferable, because they have the potential to improve animal
welfare by reducing handling and the number of injections
per animal, reducing adverse effects associated with peak
plasma buprenorphine concentrations, and avoiding repeated
trough plasma buprenorphine concentrations, which may re-
sult in inadequate analgesia. The uses of both formulations of
buprenorphine in several common laboratory animal species,
including mice, rats, guinea pigs, dogs, cats, and macaques,
have been described.5%10.16:30,39

The pharmacokinetics of BUP and BSR have already been
described in both cynomolgus and rhesus macaques, the most
commonly used NHP in biomedical research. The widely ac-
cepted dosage range for BUP in macaques is 0.01 to 0.03 mg/
kg administered either intramuscularly or intravenously. Dos-
ing recommendations provided in one study, using a plasma
threshold of 0.1 ng/mL, suggest that for macaques, BUP at 0.01
mg/kg IM should be given every 6 to 8 h and at 0.03 mg/kg
IM should be given every 12 h.3° The same study showed that
a single subcutaneous dose of BSR at 0.2 mg/kg can be given
every 5 d. A similar study demonstrated that BUP given to
rhesus macaques at 0.03 mg/kg either intravenously or intra-
muscularly maintains plasma concentrations above 0.1 ng/mL
for 24 and 12 h, respectively.'8

BUP dosing recommendations for New World NHP, such as
common marmosets, tend to be lower than those of Old World
species, such as macaques. These recommendations are a result of
the more profound adverse effects (for example, respiratory depres-
sion, apnea, and death) seen in common marmosets when higher
doses of BUP are used or when BUP is used in combination with



anesthetic agents, such as alfaxalone or isoflurane.l#* Guidelines
for BUP dosing in common marmosets range from 0.005 to
0.02 mg/kg IM. 42124

The purpose of the current study was to investigate the
plasma concentration of buprenorphine over time after the
administration of BUP and BSR in common marmosets. Ob-
servations were made to determine whether adverse effects
occurred after the administration of BUP and BSR. We hypoth-
esized that BUP dosed at 0.02 mg/kg IM would remain above a
plasma threshold of 0.1 ng/mL for 6 to 8 h and that BSR dosed at
0.2 mg/kg SC would remain above the same threshold for 72 h.

Materials and Methods

Animals. The animals used for this research study were
housed at the Wisconsin National Primate Research Center at
the University of Wisconsin-Madison, an AAALAC-accredited
facility. The study was performed in strict accordance with
the National Research Council’s Guide for the Care and Use of
Laboratory Animals, the Animal Welfare Act, and the Public
Health Service policy on the Humane Care and Use of Laboratory
Animals.>'%3! The protocol was approved by the University
of Wisconsin-Madison’s College of Letters and Sciences and
Vice Chancellor for Research and Graduate Education Centers
TACUC.

Twelve (6 female, 6 male) healthy adult (age, 2.4 to 6.8 y old)
common marmosets (Callithrix jacchus) were used in the study.
Each marmoset in the study underwent a routine physical exam
by a veterinarian semiannually and prior to being enrolled in
the study. All animals were socially housed in female-male
pairs within enclosures measuring 0.6 X 0.9 x 1.8 m or 0.6 x 1.2
x 1.8 m. The marmosets were maintained on a 12:12-h light:dark
schedule, temperature range of 24 to 30 °C, and a relative hu-
midity range of 30% to 70%. Animals had free access to water
and food (Mazuri Callitrichid High Fiber Diet no. 5MI6, Purina
Mills International, St Louis, MO) and were provided various
supplemental food items twice daily.

Drugs. The animals were assigned randomly into 2 groups
of 6, with equal numbers of each sex in both groups. Each
marmoset was weighed prior to administration of the drug, to
calculate an accurate dose. Unsedated animals were restrained
by using a marmoset tube restraint device to which they had
been acclimated previously for dose administration and sample
collection. No sedatives or other pharmacologic agents were
used during the study; the marmosets did not undergo a pain-
ful stimulus or procedure prior to administration of the drugs.
The first group received a single IM injection of 0.02 mg/kg
BUP (Reckitt Benckiser Healthcare, Hull, England) in the right
quadriceps muscle group. The dose and route were chosen to
determine the longest effective duration that can be achieved by
the intramuscular route and to demonstrate potential adverse
effects at the higher end of the dosage range. The second group
of animals received a single subcutaneous injection of 0.2 mg/kg
BSR (Buprenorphine SR-LAB 1 mg/mL polymeric formulation,
Zoopharm, Fort Collins, CO) on the right ventral abdomen. This
dose was chosen based on a previously published dose used in
macaques® and the experience of the authors.

Sample collection. Blood samples (0.3 to 0.6 mL) were col-
lected via femoral venipuncture by using 1-mL heparinized
syringes. Samples were collected from the animals in the BUP
group at 5, 20, and 30 min and 1, 2, 4, and 8 h after injection.
The marmosets in the BSR group had samples collected at
15 and 30 min and at 1, 8, 24, 48, and 72 h after injection. The
marmosets were returned to their nest box or home enclosure
between sample-collection time points. Blood samples were

immediately placed on wet ice after collection. The blood then
was processed by using centrifugation (500 x g) for 20 to 30 min,
and the plasma was separated and stored in cryogenic tubes
at —20 °C. The plasma samples were shipped on dry ice to the
analytic laboratory (Center for Human Toxicology, University
of Utah, Salt Lake City, UT).

Observations. All marmosets were observed in the tube
restraint device at each blood collection time point during the
study. The marmosets were evaluated for general wellbeing and
for potential adverse effects of buprenorphine after administra-
tion. Any abnormalities were recorded. Ataxia, sedation, and
injection site reaction were rated at each time point using a
numeric scoring system. Scores (1, none; 2, mild; 3, moderate;
and 4, severe) were assigned according to inclusion criteria
(Figure 1). The score defaulted to the highest number in which
any criteria were met. Attempts were made to record respiratory
rate but were discontinued due to the difficulty of obtaining
accurate results.

Sample analysis. The plasma samples were analyzed by using
liquid chromatography—electrospray ionization-tandem mass
spectrometry developed and validated at the University of Utah
Center for Human Toxicology.8?” Plasma samples (100 uL) were
aliquoted and underwent pH adjustment to 10.0 with addition of
2N NaOH. Liquid-liquid extraction was applied by the addition
of 2 mL of n-butyl chloride:acetonitrile (4:1, v/v), mixing, and
centrifugation (1200 x g). The organic phase was transferred,
acidified, and dried down. Extracts were reconstituted in 50
UL 0.1% formic acid in water:acetonitrile (95:5, v/v) and trans-
ferred to autosampler vials. An Agilent 1100 series LC system
coupled with a Thermo Scientific TSQ Quantum Access Triple-
Stage Quadruple mass spectrometer was used for analysis. An
ODS-AQ 2.0 x 100 mm, 5-um column (YMC, Wilmington, NC)
was used. The concentration of the sample was determined by
the peak area ratio of the analyte to its international standard,
with comparison against a calibration curve that was gener-
ated from blank plasma fortified with known concentrations of
analyte and its internal standard. The assay has a lower limit of
quantification of 0.1 ng/mL for each analyte.

Data analysis. Statistic and pharmacokinetic analyses were
performed by using Phoenix WinNonlin 8.1 (Certara, Princeton,
NJ). Plasma concentrations—time curves for buprenorphine were
evaluated by using noncompartmental analysis. Peak plasma
concentration (C__)and time at peak concentration (T, ) were
determined based on direct observations. The rate constant of
the terminal elimination phase (A) was calculated by using
the slope of the best-fit log-linear regression of the terminal
phase using 3 or more time points. The log-linear trapezoidal
rule was used to determine the observed area under the curve
(AUC,,.), and the area under the curve to infinity (AUC, ) was
determined by using A_ The time of last measurable concentra-
tion (T, ) was decided at the time of the study design and was
the same for each marmoset. The last measurable concentration
(C,.) was directly observed at T, . The terminal phase half-life
(t,,,) was determined by dividing A, by the natural log of 2. The
volume of distribution was determined by dividing the dose by
AUC_, x4 .Clearance was determined by dividing the dose by
AUC,, - Mean residence time was determined by dividing area
under the first moment curve (AUMC , ) by AUC

0-inf
O-inf*

Results
Observations. All of the common marmosets remained
healthy throughout the entirety of the study. Adverse effects
observed after BUP and BSR administration were temporary
and resolved without intervention. All marmosets were released
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Score Ataxia Sedation Injection site reaction
1 (none) no abnormalities no abnormalities no abnormalities
2 (mild) head wobble, mild drooling, unable to eyelids partially closed (<1/2), quiet (no  scratching at site, mild erythema,

prehend or swallow treat
3 (moderate)  difficulty holding up head, excessive
drooling, opisthotonos, strabismus
4 (severe) unable to stand or locomote, repeated
stumbling or falling

vocalizations)

eyelids closed (>1/2), laying down but
easily roused

recumbent, lethargic, unable to rouse

minimal swelling

abraded skin or excoriation, mild to
moderate swelling or erythema

extensive excoriation, full thickness skin
defect, necrosis

Figure 1. Criteria for ataxia score, sedation score, and injection site reaction score. The highest score for which any criteria were met was assigned

to each corresponding time point.

back into the Wisconsin National Primate Research Center
marmoset colony after the study’s completion.

All 6 marmosets in the BUP group received mild ataxia scores
and 2 of the 6 received moderate ataxia scores for a least one
time point during the study. All 6 marmosets in the BUP group
received moderate sedation scores for 2 or more time points
during the study. Marmosets that were in the BUP group had
the greatest mean ataxia score (2.17) at the 4th time point (1.0
h) and the greatest mean sedation score (3.00) at the 4th (1.0 h)
and 5th (2.0 h) time points (Table 1). No injection site reactions
were associated with the BUP group.

In contrast, 1 of the 6 marmosets in the BSR group received a
mild ataxia score at a single time point. All 6 marmosets in the
BSR group received mild sedation scores during the study, and
none received a moderate score. Marmosets in the BSR group
had the greatest mean ataxia score (1.17) at the 4th time point
(8.0h) and the greatest mean sedation score (2.00) at the 4th time
point (Table 2). Injection-site reactions scores were elevated in
1 of the 6 marmosets in the BSR group. After administration of
BSR, this marmoset was observed to be scratching at the site,
resulting in mild localized erythema and swelling of the skin.

Pharmacokinetics. Plasma concentration of buprenorphine
over time varied between the individual marmosets in each
group (Figures 2 and 3). All values for plasma concentration
of buprenorphine measured throughout the study were above
the lower limit of quantification (0.1 ng/mL) for the liquid
chromatography-electrospray ionization-tandem mass spec-
trometry assay. Pharmacokinetic parameters for BUP and BSR
in common marmosets are provided in Table 3.

Plasma concentrations did not reach the lower limit of quanti-
fication during the study; therefore, the time of last measurable
concentration (T, ) values were the same for all marmosets in
either group (Table 3) as predetermined by the study design. Lin-
ear regression of the terminal phase of the mean concentration
curves was performed and extrapolation was used to predict
the times at which minimal therapeutic threshold concentra-
tions would be met. The threshold of 0.1 ng/mL was reached
at 8.3 h for the BUP group and 92.7 h for the BSR group. Raising
the threshold to 0.3 ng/mL reduced the extrapolated times to
7.4 and 83.2 h, and raising it further to 0.5 ng/mL reduced the
extrapolated times to 6.5 and 73.7 h.

A rapid and robust increase in the plasma concentration of
buprenorphine occurred in marmosets after the intramuscular
administration of BUP, with peak concentrations seen in 5 of
the 6 marmosets at the first time point (5 min). Two marmosets
in this group experienced a second peak in plasma concentra-
tion after an initial decline (Figure 2). The plasma concentration
of buprenorphine in all marmosets in the BSR group reached
peak levels more slowly after administration of this compound.
The values increased until the third time point (1.0 h) for half
of the marmosets and until the 4th time point (8.0 h) for the
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Table 1. Plasma concentration of buprenorphine, ataxia score, and seda-
tion score at each time point following a single injection of BUP (1 = 6)

Plasma concentration

Time (h) (ng/mL) Ataxia Sedation

0.08 13.8+£9.68 1.17+£0.41 1.50+0.84
0.33 9.73 £4.05 1.67 £0.52 2.67+£0.52
0.50 8.08 +2.75 2.00 +0.63 2.83+0.41
1.00 6.28+2.24 217 +£0.75 3.00+£0.00
2.00 1.74+£1.06 1.67 £0.52 3.00 £ 0.00
4.00 0.72+0.38 1.67 £0.52 2.00 £ 0.00
8.00 0.30 £0.15 1.00 £ 0.00 1.83+0.41

All data reported as mean * 1 SD.

Table 2. Plasma concentration of buprenorphine, ataxia score, and
sedation score at each time point after a single injection of BSR (1 = 6)

Plasma concentration

Time (h) (ng/mL) Ataxia Sedation

0.25 0.88 £0.29 1.00 £0.00 1.00 £ 0.00
0.50 1.87 £0.56 1.00 £0.00 1.17+£0.41
1.00 2.56+1.19 1.00 £ 0.00 1.67 £0.52
8.00 245+1.10 1.17£0.41 2.00 £ 0.00
24.0 1.56 £0.78 1.00 £0.00 1.33+£0.52
48.0 1.01+£0.52 1.00 +£0.00 1.50 +0.55
72.0 0.55+0.26 1.00 £ 0.00 1.17+£0.41

All data reported as mean * 1 SD.

other half, with a decrease at subsequent time points for all
marmosets (Figure 3).

Evaluation of the mean plasma concentrations at each time
point for the BUP group show the greatest value (13.8 ng/mL)
at the first time point (5 min) with a decrease at each subse-
quent time point (Table 1 and Figure 4). For the BSR group,
the greatest and second greatest mean plasma concentration
values (2.56 ng/mL and 2.45 ng/mL) were at the 3rd (1.0 h)
and 4th (8.0 h) time points, respectively (Table 2 and Figure 5).
Significant differences (P < 0.02, 0.05) were detected when
comparing the mean C__ for the BUP group (15.2 ng/mL)
and BSR group (2.78 ng/mL) and the mean T _for the BUP
group (0.17 h) and BSR group (4.42 h). Significant differences
(P < 0.001, 0.01) were present between the mean terminal
phase half-life of BUP (2.23 h) and BSR (32.6 h) and the mean
AUC,, , of BUP (16.1 ngxh/mL) and BSR (98.6 ngxh /mL),
as is expected due to chemical compositions of the different
formulations (Table 3).

Each group was further divided according to sex, body con-
dition score, and weight to evaluate whether these variables
affected the plasma concentration of buprenorphine. The BUP
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Figure 2. Plasma concentration of buprenorphine over time for each
animal in the BUP group (n = 6) after the administration of BUP at
0.02 mg/kg IM. Dashed line, female marmosets; solid line, male mar-
mosets.
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Figure 3. Plasma concentration of buprenorphine over time for each
animal in the BSR (1 = 6) group after the administration of BSR at 0.2
mg/kg SC. Dashed line, female marmosets; solid line, male marmo-
sets.

and BSR groups contained equal numbers of females and males
(3 each); each group was divided according to lower (3.17 +
0.58,3.50 £ 0.50) and higher (4.5+0, 4.50 £ 0.50) body condition
scores (1 = 3 per group) and again by lower (0.406 +0.052, 0.427
+0.047 kg) and higher (0.532 £ 0.047, 0.541 + 0.025 kg) weights
(n = 3 per group), for comparison. The ¢ tests resulted in sig-
nificant P values (P < 0.035) only when comparing female and
male marmosets in the BSR group at the 24-, 48-, and 72-h time
points. Female marmosets had lower plasma concentrations at
each of these time points (Figure 3).

Table 3. Pharmacokinetic parameters of a single injection of BUP (1 =
6) and BSR (1 = 6) in common marmosets

BUP BSR
C,, (ng/mL) 152+8.10 278+1.19
T, (h) 0.17+0.13 4.42%3.93
A, (1/h) 0.35+0.12 0.02+0.01
t, , (h) 2.23+1.00 32.6 £9.57
AUC,,  (ngxh/mL) 16.1£3.70 98.6 £ 42.7
AUC,, , (ngxh/mL) 17.2+3.78 125.8+54.6
C,. (ng/mL) 0.31+0.15 0.55+0.26
T, () 8.00 £ 0.00 72.0+£0.00
Volume (L/kg) 0.20+0.14 4221207
Clearance (L/h/kg) 0.58 £0.21 0.90 £0.37
MRT (h) 2.27+0.96 469+ 145
All data reported as mean + 1 SD.
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Figure 4. Mean plasma concentration of buprenorphine over time for
the BUP (n = 6) group after the administration of BUP at 0.02 mg/kg
IM.

Discussion

This study reports the pharmacokinetic parameters and
observed adverse effects of BUP and BSR administered to con-
scious adult common marmosets. The plasma concentration
of buprenorphine measured over time after administration of
BUP and BSR appears similar to those reported in other NHP
species.'82230 Our results indicate that BUP dosed at 0.02 mg/
kg IM in common marmosets achieved plasma levels above the
proposed minimal therapeutic threshold of 0.1 ng/mL at all
measured time points (5 min to 8 h). Similarly, BSR dosed at 0.2
mg/kg SC resulted in plasma concentrations of buprenorphine
above 0.1 ng/mL for all measured time points (15 min to 72 h).

The plasma concentration—time curves presented in this study
after the last measured time point for each group (8 and 72 h)
were determined by linear regression and extrapolation using
the previous time points. The true pharmacokinetic activity
beyond the last measured time points cannot be determined by
this study and is therefore a limitation. Ideally, additional data
would have been collected at further time points for each group
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Figure 5. Mean plasma concentration of buprenorphine over time for
the BSR group (1 = 6) after the administration of BSR at 0.2 mg/kg IM.

(for example, 12 and 96 h) to provide more precise data for the
tail end of the plasma concentration—time curves. According
to linear regression and extrapolation, the mean concentration
curves will reach plasma levels of 0.1 ng/mL on average at 8.3
h for the BUP group and 92.7 h for the BSR group.

The rapid and robust increase in plasma concentrations of
buprenorphine after intramuscular administration of BUP
was expected. A rapid onset of analgesia is often indicated for
common marmosets in the clinical setting and highlights one
of the main advantages of this route when compared with the
slower increase in plasma concentrations measured after SC
administration of BSR. Correspondingly, BUP may have better
analgesic efficacy than does BSR due to the higher initial plasma
concentrations achieved after administration. Buprenorphine
administration in other species has been shown to provide
increasing efficacy with increasing dose up to a ceiling at
which point increasing dose no longer results in increased
efficacy.'#?#? The dosage necessary to achieve a ceiling con-
centration in common marmosets is unknown. Theoretically,
BUP administration may result in the plasma concentrations
that reach the ceiling effect and BSR administration may not,
suggesting that BUP may be more efficacious particularly at the
earlier time points observed in this study. Although the response
is not quite as robust as in the BUP group, all marmosets in
the BSR group reached therapeutic concentrations by the first
time point (15 min), indicating that it is also fairly rapid-acting.

The most notable advantage of BSR use in common mar-
mosets is the long duration of action. In most cases requiring
analgesia, a single dose of BSR given at 0.2 mg/kg will provide
a sufficient duration of action (> 3.0 d) to make additional doses
unnecessary. Using BSR in common marmosets can profoundly
simplify an analgesic protocol. If BSR is unavailable or con-
traindicated, BUP dosed at 0.02 mg/kg can be considered an
adequate alternative with a fairly long duration of action (6
to 8 h). Alonger duration of action has numerous advantages,
including decreased frequency of dosing, fewer injections,
decreased handling of the animals, improved animal welfare,
and decreased time commitments for staff.
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Another important advantage of BSR is a considerably better
safety profile compared with BUP in common marmosets. A
roughly 5-fold decrease in mean peak plasma buprenorphine
concentrations with BSR relative to BUP coincides with less
ataxia and sedation (Tables 1 and 2). Thus, the use of subcuta-
neous BSR results in much less significant adverse effects than
the use of intramuscular BUP in common marmosets for the
dosages used in this study.

The adverse effects observed in this study after administra-
tion of intramuscular BUP show that common marmosets are
likely more sensitive to its effects than other species, such as
macaques. Dosing at 0.02 mg/kg resulted in more severe ataxia
and sedation than did BSR, demonstrating the potential for seri-
ous complications and possible compromise of animal health.
The adverse effects of BUP may be compounded when used
together with other drugs that are metabolized by the hepatic
cytochrome P450 sytem.?* Caution is advisable when using BUP
in common marmosets and low doses should be used whenever
possible, particularly if used in combination with other drugs.
The authors do not recommend the concurrent use of isoflurane
and intramuscular BUP unless the patient is intubated and me-
chanical ventilation is available; a lower dose, such as 0.005 mg/
kg IM, may be advisable. Alternative multimodal analgesia such
as NSAID and local anesthetics should be used until the patient
is extubated; BUP can then be administered as the sole agent.

The variation noted in plasma concentrations among subjects
after IM administration of BUP, which are more apparent at
the early time points in this study, has been reported in other
species.?940 Varijation seen by this dosing route may be due
to various factors including lipophilicity of the compound,
muscle mass, vascularity, or inadvertent injection into adipose
or fascial tissue. This variation in plasma concentrations sug-
gests variation in absorption from the injection site and may
explain why some individuals experience more severe adverse
effects to BUP than others. Variation in plasma concentrations
between individuals may result in a variety of responses when
using BUP by the IM route in a clinical setting.

Injection site reactions have been noted with the use of BSR
in other species,'%132530 therefore, observations of the sites were
performed during the study. One out of six marmosets in the
BSR group had irritated skin at the site of the injection. This
was attributed to the marmoset scratching at the area result-
ing in self-excoriation. The cause of the scratching remained
undetermined, but BSR may have been a potential contributing
factor. Alternatively, the injection itself could have caused the
scratching, perhaps by inadvertently passing the needle into
nerve tissue. Another possibility is that the marmoset was ex-
periencing pruritus associated with the buprenorphine. Despite
the cause of the scratching, injection site reactions after BSR
administration were not a concern during or after this study.
The authors routinely administer BSR to common marmosets,
as described in this study, and have not detected any injection
site reactions similar to those reported in other species.

Females, as compared with males, had lower plasma concen-
trations of buprenorphine at the 24-, 48-, and 72-h time points
in the BSR group. Although the P values were low (P < 0.035),
the number of marmosets of each sex (1 = 3) was a limitation
of this study resulting in low statistical power and an inability
to determine statistical significance. However, a difference was
noted (Figure 3) in the plasma concentrations of buprenorphine
between females and males at these 3 time points; sex-asso-
ciated differences in buprenorphine pharmacokinetics have
been previously described in humans.?® Similarly, in a study
of highly concentrated buprenorphine solution administered



to rhesus macaques, females had significantly lower plasma
concentrations for several time points after administration of
both a high and low dose.?? The cause of the sex differences
remain unknown. Differences may be attributed to differing
circulating hormones, variation in time of estrous cycle, body
composition, or differing cytochrome P450 metabolism. All
female marmosets’ pregnancy status in the colony is routinely
determined by abdominal ultrasonography every 4 wk; the
marmosets in this study were not pregnant. Despite the differ-
ences, plasma drug concentrations in all marmosets of either
sex remained above the minimum therapeutic threshold of 0.1
ng/mL for the BSR group, so dosing guidelines are the same
for both sexes. However, female marmosets may metabolize
BSR more rapidly than males.

This study did not evaluate the efficacy of buprenorphine on
pain management in common marmosets. Thus, the use of 0.1
ng/mL as the minimal therapeutic threshold for plasma bu-
prenorphine in common marmosets is a limitation of this study.
Plasma concentrations of buprenorphine above this threshold are
reported to be therapeutic in humans and are hypothesized to be
therapeutic in macaques and were thus applied to the results of
this study.!>1822303738 Reliable analgesiometric tests (for example,
tail flick latency, thermal withdrawal) for common marmosets and
other NHP species have not been well established. Clinical postop-
erative pain management provides a more practical opportunity
to evaluate analgesics. Alleviation of signs related to postoperative
pain are reported to be appropriate for the evaluation of buprenor-
phine efficacy in other species.3® Further studies evaluating the
efficacy of buprenorphine on pain management are needed in
common marmosets and other NHP species to ensure that the
reported pharmacokinetic parameters achieve adequate analgesia.

The current study did not test other commonly used doses of
BUP for common marmosets, such as 0.005 mg/kg or 0.01 mg/
kg.#2124 These doses are frequently used in clinical practice if
higher doses are contraindicated. The duration of action of doses
in the lower end of the range will be less than that reported for
0.02 mg/kg and will necessitate more frequent dosing and pain
evaluation to ensure adequate pain management. Additional
studies are needed in common marmosets to provide accurate
duration of action for these dosages.

The current study provides information on the use of BUP and
BSR in common marmosets. The pharmacokinetic parameters and
plasma concentration curves reported in this study were used to
provide guidelines for clinical dosing frequency based on a thera-
peutic threshold range of 0.1-0.5 ng/mL. BUP administered at 0.02
mg/kgIM and BSR administered at 0.2 mg/kg SC should be dosed
atleast every 6 to 8 h and 3.0 to 3.5 d, respectively. Plasma concen-
trations for BUP and BSR both surpassed the plasma therapeutic
threshold at the first time points (5 and 15 min), thereby showing
the both formulations are appropriate, rapid-acting analgesics in
this species. These guidelines are based on mean and extrapolated
values and may not be inclusive of all individual animals. There-
fore, frequent and thorough evaluation of animals to recognize the
need for additional or alternative analgesics remains the standard
of care. Although BUP can have adverse effects, its judicious use
in common marmosets is warranted and it can be used safely.
Similarly, BSR provides a long-acting and safe option for analgesia
in common marmosets, and its use can refine analgesic protocols
and improve animal welfare.
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